Self-assembled nanocrystals of ZnO were embedded within a SiO 2 matrix by a sequential deposit using reactive R.F. sputtering. The ZnO nanoparticles (NP's) were obtained by depositing a very thin layer (~20 nm) of Zn on the bottom of the valleys of a first SiO 2 rough surface and then covered by another SiO 2 layer at 500 °C. The stress produced, due to the cooling process, by the SiO 2 matrix on the ZnO NP's generates an unusual crystalline phase of ZnO. The crystal structure was determined by means of X ray diffraction patterns. The ZnO + SiO 2 composite shows a transmittance higher than 80 % for wavelengths > 450 nm. Optical absorption allows to reveal the character and value of the optical band gap. Vibrational modes of the material were determined by Raman spectroscopy.
Introduction
Among transparent semiconductors ZnO has a relevant role because its intrinsic properties as a bulk material and the facility to produce both as thin film or nanostructures. The preparation of ZnO films include the whole list of available techniques: Sol-gel, spray pyrolysis, sputtering, laser ablation, molecular beam epitaxy, etc. [1] [2] [3] [4] [5] . Similarly there are many reports on the synthesis of ZnO nanostructures employing the most diverse methodologies ranging from chemical, vapor phase, electrochemical, etc. [6] [7] [8] [9] . The direct band gap value of ZnO (3.4 eV), its large exciton binding energy (60 meV) and structural properties foster applications in diverse fields between them UV detection, enhancement of photovoltaics performance, photocatalysis, etc [10] [11] [12] [13] . The control of the dispersion and distribution of the size of the nanoparticles employing simple fabrication techniques is a difficult task. Also, ZnO nanoparticles, produced by chemical methods, frequently have residues that would affect negatively its performance. In this work it is reported an effect observed when reactive RF sputtering is employed to deposit SiO 2 /metallic Zn/SiO 2 on quartz and p-type silicon substrates; the valleys in the first rough SiO 2 layer acted as nucleation centers to the formation of self-assembled ZnO nanoparticles produced due to the oxidation process associated with the reactive atmosphere 14 . Samples are characterized by X-ray diffraction, electron transmission microscopy, UV-Vis and Raman spectroscopies.
The results confirm the formation of ZnO nanoparticles embedded in a SiO 2 matrix. ZnO nanocrystals with an unusual crystalline phase are found. This unusual phase is formed due a tensile stress effect on the ZnO nanoparticles produced by the lower thermal expansion coefficient of the SiO 2 matrix.
Material and Methods
Reactive sputtering of a silicon target 99.999% of purity was carried out in an O 2 +Ar plasma to grow SiO 2 films on Si-111 and quartz substrates at 500 °C. The base pressure in the chamber was better than 1x10 −6 Torr. A ratio of O 2 to Ar of 0.5, maintaining the total gas pressure at 15 mTorr, was employed for the working atmosphere. The R.F. power applied on the Si target was 100 W. The SiO 2 /Zn/ SiO 2 heterolayers were grown as follows: initially a layer of SiO 2 was deposited, then a thin layer of Zn, and finally a SiO 2 layer (see Fig. 1 ). The plasma was turned off and the chamber evacuated after the deposition of each layer. The Zn layer was grown by sputtering a metallic Zn target 99.999% of purity under an Ar pressure of 15 mTorr applying a rf power of 15 W. ZnO nanoparticles grown due to the interaction of the Zn thin layer with the reactive atmosphere. The topography of the samples was evaluated by atomic force microscopy, employing an Autoprobe CP Research 7 microscope in contact mode. The structural properties of the samples were obtained by grazing angle X-ray diffraction (XRD) of the CuK α wavelength in a Siemens D5000 system. By means of the Scherrer formula it is found that under the conditions employed in this work ZnO NP's with average size of 8 ± 2 nm were obtained. To carry out TEM characterization a film flake was peeled off from the sample. A section of the TEM image of the ZnO-SiO 2 system is displayed in Fig. 3 , where a ZnO NP of about 5 ± 1 nm can be appreciated immersed within amorphous SiO 2 16 . A grazing angle XRD pattern (red) obtained from the same sample is exhibited in Fig. 4 along with the XRD powder patterns of the four different crystalline phases of ZnO reported in the literature: (a) cubic ZB 17 and RS 18 (b) hexagonal WZ (JCPDS 4-831), (c) unclassified (JCPDS ). An analysis of Fig. 4 indicates that the NP's can be constituted of the four reported different crystalline phases of ZnO, that is, these phases WZ, ZB, and RS cannot be discarded at all. Slight displacements of the interplanar spacing can be also expected because the pressure associated with the different values in thermal expansion coefficient of ZnO and SiO 2 19, 20 . The unclassified crystalline phase seems to be the principal structure with preferred orientation along the direction indicated by the 2θ ≈ 39° reflection. Rykl and Bauer 21 reported for first time a crystalline phase of ZnO different to the hexagonal and cubic, which, to our best knowledge, its crystal symmetry remains unidentified. That ZnO phase has also been marginally reported by other authors: in N doped thin films 22 , in porous hollow microspheres 23 and oxidation of Langmuir-Blodgett multilayers 24 . This phase was obtained by Rykl and Bauer at high temperatures (450 °C) and high pressures (600 atm) 21 . The high growth temperature and/or stress induced by doping have been probably the cause of the crystalline change in the aforementioned reports. In our case, the more probable origin of that unusual phase is the tensile stress produced by the SiO 2 matrix. As the sample gets cooled down to room temperature the lower thermal expansion coefficient of SiO 2 avoids that ZnO attains its freestanding crystalline characteristics causing the presence of stress. 
Results and Discussion
The process to obtain the ZnO nanoparticles (NP's) embedded in a SiO 2 matrix is illustrated in Fig. 1 . A Zn thin layer is deposited on the surface of a first SiO 2 layer grown on the Si substrate. The Si oxide film has a rough surface as observed in Fig. 2 . The thin zinc layer covers completely the SiO 2 surface, once the reactive process is activated to deposit the top SiO 2 layer, the Zn layer on the crests reacts immediately and is etched away. So, it is plausible to expect the presence of some ZnO dispersed within the SiO 2 matrix. The formation of ZnO nanoparticles is promoted within the valleys of the rough SiO 2 surface. Valleys act as nucleation centers promoting the formation of ZnO nanocrystals while Zn reacts with oxygen them act like Zn containers. At the end of the process ZnO nanocrystals embedded in a SiO 2 matrix are obtained. As the roughness of the SiO 2 can be controlled through the parameters of the deposition process this methodology is an alternative to control ZnO nanoparticle size and, because the characteristics of the reactive atmosphere, to control oxygen vacancies in ZnO 15 .
The optical transmittance of a sample deposited on quartz substrate is shown in the inset (a) of Fig. 5 . The aspect of the experimental data-line suggests the presence of two optical band gaps (E g 's). Actually, the potential presence of several crystalline phases does not allow the unambiguously determination of the band gaps. However, to afford more information about the electronic properties of the unknown ZnO phase a possible assignation is proposed. The insets (b) and (c) in Fig. 5 present the application of the Tauc's method for the determination of direct and indirect band gap values.
Segura et al. have reported that E g of RS-ZnO has a value of 2.45 ± 0.15 eV 25 . An indirect E g = 2.43 ± 0.05 eV is obtained in the inset (c) of Fig. 5 , which could be the E g value of the RS-ZnO phase present in our system. The larger direct E g = 3.53 ± 0.05 eV could belong to E g of NP's of WZ-ZnO /or ZB-ZnO 17 . Consequently, a good possibility exists that unknown phase have indirect and direct E g values of 2.75 and 2.85 eV, respectively. A contribution to the absorption from the matrix is impossible as for SiO 2 E g ≅ 9 eV 26 . Raman characterization was carried out on both samples, grown on Si and quartz substrates. The Raman spectra taken on the sample grown on silicon was dominated by the silicon phonon distribution avoiding obtaining any information. The Raman spectrum of the sample grown on quartz is displayed in Fig. 6 . According to Zhao et al 22 , the mode around 440 cm -1 corresponds specifically to that of the unknown crystalline phase, which appears in the left inset of Fig. 6 , in the deconvolution of the mode at 450 cm -1 , at around 440 cm -1 . The modes shown in the Raman spectrum in Fig. 6 (see also right inset) different to those reported in the literature for ZnO [27] [28] [29] [30] , at normal and under high pressure conditions, are these located at 190, 233, 318, and 741 cm -1 . It is possible that low frequencies modes are associated with the unknown crystalline phase of ZnO.
Conclusions
By means of R.F. sputtering ZnO nanoparticles embedded within a SiO 2 matrix were synthesized and deposited on Si and quartz substrates. The tensile stress on ZnO NPs due to the SiO 2 matrix surrounding them induced a transition of phase producing the reported unidentified crystalline phase of ZnO. This phase has been obtained in the past under high pressures and high temperatures mostly using methods adequate to produce volumetric samples. The use of thermal expansion properties as a control parameter to obtain this phase of ZnO could be a useful tool to obtain reproducible thin films. The characterization by UV-Vis transmittance and Raman spectroscopies allow us to propose possible values of the direct and indirect optical band gaps and vibrational modes for this unknown phase.
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